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This paper attempts to promol:© an urtd'erstanding 
rough its history and replication of the oscillation 
s of Isaac Newton and Daniel Bernoulli from the 17th and 
ries,. The. experiments desj^ribed can be treated at a lev"^i 
ication to suit the inteAsts and capabilities of the 
eproductions in the appenoices" inclnide: fH) extracts from 
Principia"; (2) essays in the history of Hechanics; (3) an 
anslatlon of Bernoulli's "HydrbdynA mica"; ^i*) an article on 
y of physics: and (5) an article on Newton and fluid 
from "Newton Tercentenary Celebrations," (SA) 
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NEWTON'S INVESTIGATION OF THE OSCILLATIONS OF FLUIDS 

(Blue Book pp. 32-39) , 
Supplementary Notes 
(Experiment No. 4 ) 

(_ 

I ■ • > Introduction 

t 

Like so many other" experiments in the His tory-of-Physics 
Laboratory, this one can be treated at a level of sophistication 
to suit the interests and capabilities of the student. 

At the simplest level, it can be regarded as a straight- 
fon^ard exercise in observation, and verification of a proposed 
"law". But the law is so strikingly simple it can hardly fail 
to evoke gome curiosity about its basis. A proposition that 
engaged Ne\;;ton's attention, and is worthy of a place in . the 
Princtp>iq | can hardly be trivial.- It- does, in fact, illustrate 
the general principles of isochronism involved in what came to 
be known as "simple harmonic motion" - a general concept which 
was beginning to emerge in Newton's time. 

At a more vsophisticated level on^ can examine, and test, 
the nature of the- assumptions and approximations implicit In the 
idealised treatment. Such an inquiry wfll soon stir up questions 
about the essential properties of a fluid' that must be recogniired . 
and/or assumed in any attempt to analyse fluid motion on mechanical 
(Newtonian) o^inciples. ^ (There is no mention of "fluid" in the 
familiar formulation of Newton's laws I) In a critical vein, one 
can ask how successful Nfewton was in his own treatment of the 
subject; not only in this initial rudinjentary problem - which he 
'^solved" -biit also in thte use he made of |.t i-rt subsequent devel- 
opments-^ And beyond Newton's own inquiries, theVe v^ere others 
that attempted to refine and generalire Newton's treatment; to 
develop, in fact, the whole subject of hydrodynamics frora"^ Newton * s 
somewhat haphazard beginnings. This simple experiment ^with oscil- 
lating fluids may not be the most logical starting point /for an 
exploration of fluid-motion, .but can provide an oppoxtun/ity to ^ 
perceive mrfny pf the subtleties that are encountered "in /any thor- 
oughgoing and precise investigation. Hydrodyj|j|amics may have t>een 
erected on the firm foundations of NewtoniaA principles , but it was 
long difficult and laborious task to build up the edifice itself. 
And it is a l;;ask which one pannot say is, today, finally complete^. 

The coitrast between the development 6'f classical "rigid- 
body" and. fluid mechanics is particularly, illuminating. . Both start 



out from the base of Newtonian particle mechanics: both liave 
to grapple with the problem of dealing with an essentially Infi- 
nite number of particles. But in rigid body "mechanics one basic 
assumption - that the mutual sej^aratlons /of all pairs of particles 
remains constant - sirhtices to reduce thi^ apparently infinitely 
complex problem to one which Is finite and tractable; and to tte 
extent that the assumption is physically valid precise .\ 
answers can be given to precisely formulated questions. But in 
fluid mechanics there is no such drastically simplifying principle. 
Such ideal i7ations as '^ejro- rigidity (essentially the definit^n ' 
of a "fluid"), 7ero compressibility and the absence of viscosity^ 
greatly help In limit^Lng the range, of possibilities, but are far 
from sufficient to close the huge gap between the limited possi- » 
bilities in one or two body mechanics, and the immense variety 
of motions conceivable for a whale continuum. Even "when the formal 
and analytical problems have been mastered, there always remains 
the problem of how closely the ideali7ing assumptions correspond 
to the physical reality In a particular case. In fluid mechanics 
especially, this may be the hardest question to answer. 

Our understanding of mechanical principles starts out from ' 
the experience of solids (or solid "particles"). In a world without 
solids, could our knowledge of the laws of mechanics even have been 
acquired? And in a world without fJLuids would we ever have <lis- 
covered the ins^if f ictency of this knowledge alone in' the face of 
the real complexity of nature? (1) 




II. 



Historical 



The sagacious Dr. Thomas Young writes (in 1807)': 



It must be cohttvjsed, that the labour*) of Newton ad(k-d fewer improve- 
nients to the doctrines of hydraulics and pneifinatics, than la many oilier 
tlcpartmcots of science; yet sonic praise is undeniabl^ duo both^ to his com- 
putations and to his cxperin^cnts relating to these tubjects. No person ' 
before Newton liad theoretically investigated the velocity with which fluids 
are discharged, and although his first ai^npt was unsuccessful, aiid the 
method whicili he substituted for it in his second edition is by no means'frec 
from' objections, yet citheiyof the determinations may be considciKJd in some 
oases^is a convenient approximation ; and the observation of the contrac- 
tion ot a stream passing* through a simply orifice, wbich was then new, 
serves to reconcile theni in some measure with each other. His modes 
of consitlering the resistance of fluids are fjir from being perfectly just, 
yet they have led to residts which, with proper corJ-cctions, are tolerably * 
accurate; and his determination of the oscillations of fluids, in bent tubes, 
was a good beginning of the investigation of their alternate motions in 
* general. (2) --^ , 



Newton is a good yardstick by which jfto Measure the progress 
and problems in any fifeld of physics. In his Hydrodynamics we are 
struck, in Samuel Johnson's style, not by how well or badly he 
performed, but by his attempting the matter at all. We can admire 
the superb skill and confidence with which he reduces one problem 
after another tp its elements and then provt.des his elegant solu- 
.tion; we are astonished by the. recurr^it flashes of insight which 
enables him to peqetrate complexities ^nd Invent some simplifying 
pririciple; and we are flabbergasted at' times, when in some hold (or 
desperate?) maneuver to rescue himself^rom dif f icult:ies , he makes 
some wholly unwarranted assun^ption* or discards the ve'ry 
principles lonvliich his whole philos(^y is based. His mistakes, 
^ like his achievements , are in the grand style) Yet most puzrling 
is the enormous effort he devoted tQ this work: and the prorpifience 
he gave it in the Principia . It's dt»i?ect antecedent's are hard to 
find. There was no public debate and' lengthy correspondence in 
the Philosophical Transactions of the Royal Society as there was 
for his Optics; no record of his lectures on this subject at 
Cambridge; no elaborate legend 6f Idng^Mirsed, ideas ^s. for his 
gravitational theory. -As late as January 1687 - ^e year o^ the 



publication of the Prtnclpta * the members of the ^oyal Society ■ 
were atlll unaware. of the extent of Newton's hydrodynamlcal Inter- 
ests; for ' . • 

"Concerning , the resistance of thelliiedlum to bodies 
projected through 1^, as likewise to., the fall of 
bodies", * ^ . 

the^ Society ordered: 

• s ■ - ' 

"That- Mr. Newton be consulted whether he designed 
y to treat of the opposition of the medium lo It to 
bodies moving in it in hfs treatise De Motu 
Corporum then in. the press..." (3) 

Ihough Newton's hydrodynamics appeared to emerge suddenly 
full-grown in the Prlnclp:ta , th.e reasons for his concern with 
these* matters certainly has deepeK roots. The. > Prlnctpla wrfs not . 
Uist a new book on mechanics; it was a complete formulation of 
the mathematical principles of, natural philosophy and a new system 
of the world; not just an extension of existing science, but a 
complete reformulation. Very much in th6 spir-ll; of the time, 
it was essential therefor^ for Newton to refu^re prior phil-osophlqal* 
systems which his Prlncipla sought to replace .\ For Ne.wton the 
heir-presumptive, the occupier of the throne, was Des Cartes." 
Whether mentioned or not the Cartesian doctrines were an obstacle 
in Newton's path, and liere in the Second BookVf the l^rlncipia , 
Newton directs his attack on the central featureVof the Cartesian 
systeirt' - its fluids and Vortices. Some, at least, of Newton's 
contemporaries recognized the thrust. Halley's i?evlew of the 1st 
Edition succintly ^puts the matter thus: 

"From hence is proceeded to the undulation of Fluids, 
and Laws whereof are laid down, and ^by them the Motion 
and propagation of . Light and Sound are explained. The 
last Section of this Book is concerning the Circular . 
Motion of Fluids, wherein the Nature of their Vortical 
Motions is considfered, and from thence the Canteslan 
Doctrine of th^ Vortlcals of " the Celestial Matter 
carrying with them the Planets aboiit the Sun , is proved 
to be altogether Imp'psslble. "^ ^ ) 

This alleged refutation of the Cartesian <!loctrlne of vortices 
Is a passing episode in history. Of more las'tlng significance is 
the seminal work jPb hydrodynamics itself, and the manner in wlaich ' 
Newton's opposition to DesCartes Influenced his att:i^tude in other 
sc'lentiflc issues;, and thereby the course of the history of physics. 



^ ^Vo great moiuiments stand to Newton s cont rlhutloti to 
science: The Principia (1687)^ and OptlcKs (1704); It is natural c 
and commonplace enough* Co contrast these, works in their method, 
stylo', origins and influence. The Principia , written in Latin, is 
formal, austere, mathematical artd for the m65?t part deducJtiveV^ 
Its mechanical laws, though in principle based on experiment and 
observation, are (^ertainly not exhibited as the results of Newtqn's'^ 
own experiments or inductions from his* own observations. The 
Opt i cks by tontrast is written more*' colloqui ally in English; it 
narrates in . fvilT Newton ' s jown experimental investigations, and in 
its inferences, formal ii^athematics is generally eschewed. The' 
Prlnci p la displays the great matheiT>at:ic^l philosopher; the Opt ickj^ 
the superb practical experimenter. ' Both dis^play Newton the Thinker, 
One, if. \iQt o}^e ^i\d the same, Newton, ^striving ultimately to treate 
a complete^ natural philQsoi|iiy 'which wilt embrace, or at least, 
reconcile, his mechanics, his optics and bis cosmology; and pre- 
parcid, or compelled, ultimately to make comprQiHises to this end; 
to conjecture where experiment does not convince, to postulate 
what cannot be proved, .and even to overlook wha^ cannot be understood 

/ ■ 

Yet by-and-large, w£ treat the two-Hlewton books, his mechanics 
and his optics, as senaratc^ ,.The former we acclaim an unqualified . 
achievement, perhaps Wi^ greatest single step foi^ard in the history 
of science., Towarc^s the latter, our reaction is ambivalent; the 
beautiful expcrin^i|its we a^mife, but to Newton's inferences and 
his "stubborn" adherence t:^o "particle theory", we commonly^ attribute 
a stultifying influence on the science ofq>tics. There* is a Good 
Newton and, if not Bad, thfen at least a Dangerous * Newton ^ 

— . V • 

.In Newton 'iS fluid-mechanics (Book II of the Principia ) the 
two Newton's are to be foOnd inextricably interwoven. Here the 
dichotoniy cannot be maintained - or even pretended. The two 
cerebral rtfemisplreres have to work together. Fownal theorizing, 
and practical experimen tation% rigorous deduction and uninhibited 
speculation, acute observation and (careless?) disregard for facts 
follow in a rapid succession of seemingly wanton abandon. If the 
style is., at time ,- formal— cast in the rigid pattern of Theoinems , 
^Propjl^sitions and Lemmas - - the arguments are anything but rigorous. 
But Newton's .destination is - for himself - ,qiiite clftir; and he is 
determined to reach it by whatever path. And as.tonishingly some 
of the most extraordinary achievement* - for example the "theoretical 
intjerpretation of . the velocity of propagation, of sound - emerge as 
evidence of the power of his remarkable genius ,» even in this con- 
fused territory. Book II of the Principia offers us a fascinating 
view of Newton 'which lies between his mechanit^s and optics, and 
through which are diffused attributes of bo.th - indeed of the whole 
vas,t range of Newton's phil'bsAphy. On the two f-lrni pillars of 
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niaChematical reasoning 'and ey per linen tal observation he strives 
to throw a complete, connected arch. It Is a perilous structure 
Ke erects - lacking the stability of either of Its foundations. 
But it certainly Indicates the magnitude ^nd direction of the'^ 
future tasks. 



^For further comments see: 



1) by C.Truesdell , Appended p. XII. 

2) by the writer, Appended p. XXII. 

3) J. C.-^unsaker, on'*t)ewton and 

. Fluid. Mechanics" , Appended p. XXVII 
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above (pp. XV, XXVI, XXVII). , 
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The particular part ^of the Prlnclpla of interest here Is 
Bo^k* II, Propositions XLIV to L (Al^nded^pp .t-Xl) . 



« After a discussion of the propagation through fluids generally, 

Newton enunciate^ his theorem for the oscillatiohs of water\(sic) 
in a U -shape "canal or pipe": Proposition XLIV, Theoreq^ kxXV. 

There is no, indication that Newton arri^ved at this theorem^ 
as the^ reswlt of actual observation, or that he experimentally 
tested the v^^lidity of his Tlieorem, nor indeed of any of the 
assumptions or approximations which migKt limit the exact agree- 
ment of theory and practice. The pipe is shpw^ in idealized 
fashion, indicating a uhif orm"^oss-sect ion ; but with sharply angled 
befids which could hardly correspond either to a practical arrange- 
ment or that most likely to justify the ideal fluid motion which , 
is tacitly assumed. It seenrethat at this stage Newton has complete 
confidence in his analytical ability :^ confirmaj^ion of his theory, 
or the mention of its confirmation^ seems superfluous. (Matters 
afe quite different a little later onl) 

Newton 's^ "prooiF" is concise and quite elegant. It is based 
simply on an ^lanalogy between the isochronous motion of a cycloidal 
pendulum (<^hich is for all practical purposes equivalent to a^ 
simplik pendulum of small amplitude) ^nd that of the fluid.' it 
both cas^s the force restoring equilibrium is proportional to the 
extent of the departure^f rojn equilibrium. The proportionality 
(i.e. the ratio of the force to the; mass - which Newton refers to 
as the ."weight" I) for the pendulum Is expressed by the ratio of 
the displacement to the length; as Newton has shown in an earlier * 
part of the Prlnclpla (Cor. Prop. LI. Book' I.). The ^corresponding 
ratio for the fluid 'oscillations is twice the displacement to the 
whole length of the fluid coluifitt (assumed uniform and In tinifotm 
motion). Hence it would be the same for a pendulum of half the 
length of column (Q. E.D.I). 

Immediately fo,llowing thiip Proposition, is the Theorent 
X-XXVI concerning the velocity of wave^ on- the surface of water 
(seeApp. I-V). Newton procqpds with the scantiest of indication, 
of the actual circumsfances in which"^ his theory might bb, applicable^ 
justifying hisK^iiiiiceedure only with the casual observation that 
"the alternate ascent and descent will be analogous to th<l^' recip- 
rocal motion, of the water in the canal". Proof by arialogyl There 
is some ambiguity in his terminology ("one-oscillation" seem? to 
correspond with on6-half of a complete oscillation).' His argument 
and conclusions can be rephrased thus: " v • 




The equivalent (J -tube 
extends from one wave crest 
to one trough. It seems to 
be assumed (inter alia I) that 
the height of the crests and 
troughs ts^ery small compared 

length, A ; and 



jfnter 



vith the - „- , ' 

that therefore the "equivalent" pipe is ope ofrength 

The isochronous pendulum will then be of length "^/cf 
have a period,^x^ * TtJxT^ 

The wave (phase) velocity 1?* is then: 



and 



This expression is exemplified t^y Newton's, numerical example. 
No comment i^ made on its consistency with observation. 

That; ican'be deduced from dimensional .af^alys is 

alone^ assuming that there are no physical factors other than 
gravity and inertia, and no dimensional features ("ini^inite" depth 
and no la teral .boundaries ) ; jXater more realistic theories consider 
both surface-tension and gravitational sources of energy; and deal 
with the case of fipite lateral dimensions. For very snort waves 
(ripples), it is the surface energy which predominates and Newton's 
theory is wholly inapplicableTJ - * ! 

One Would be surprised' if Nfswton's analogy gave th^ correct' 
numerical value for the velocity - even when the physicaiL condi- 
tions are appropriate. Indeed it does *^not. The "correct" theory . 
for these lonjJ*V?aves gi'ves l/yfltr ' /Kf , whi*h is about 25% , 

higher than Newton's value. Perhaps one should be astonished hew 
qlose Newton came to the truth I 

From oscillations on the surface of water (an "incompressible 
fluid") to oscialltions in (elastic) air (Theorem XXXVIII,App.p.V.) 
is another great step forward. Newton's demonstration of the V 
unmodified-propagation of.th^ wave-form in an. elastic medium, and 
his calculation of the velocity of soundT^nTair seems, to the / ^ 
-pteseht-day reader, a tremendous tour-de-force . Using arguments 
similar to, but far subtler than that used for the (J -tube oscil" 
la tiofis ,• (with no. formal calculus, no differential equation^ .' ) , he 
demonstrates, that a simple-harmonic motion (represented by the pro 
jection of- uniform circular motion on a line) of each infinitesimal 
segment of the meditim itf cdnsi;lteT»t with the physical conditions, / 
io whiqh the pressure varies inversiely as the volume. (l^jle^to^ refers 
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throughout, to the V"ropagatlou of "the pulses"; but it is,- of 
course^ simple sinusoidal oscillations of each particle, i.e. a 
wave motion of a single frequency, that he is dealing with. The^ 
"pulses" refer to the motions of each infinitesimal segment,) ' 
He eventually arrives at the result that the velocity of propaga 
tion of (iQngitudinal) compress ional- waves is, et|ua^to«. (el^astic' 
compressibility of*th6 air/ density. of air]^^ NuUfccally he 
finds thi^ -ve^locity , Vg , is equivalent to: >. » • 

. . Vg - 2 (H/Th) , ' / ■ 

where H is the height of a column of air. (of the same density as 
tljat through which the sound^ is propagated) of equal weight to 
the barometer height, arid Th is the period of a simple-pendulum - 
(an isochronbus' cyclpidal one, for'Newtonl) of length H-. 

• ^ ■ ^ . ... " ■ 

In modeiTB .teniT^nology we would writtJ'for the. veX<)''<;ity jb'f . 

sound, " -• '■ . '; ". r— r'. ' • v ' >«JJf^'-"',- -i^s *■•'• 

where K is\ the* elas tici ty- ,of the air and ifc^ dfensity>-/ J/r ^ • 

For i sothermal compression and dilation ([which is 
Newton tacTTly assumes) 



\ 



and with. ^ ^ 



^ "^^^ (t'^^ pressure) ; 



tlien ^' - ^ ; ^ » • • 

U^ing for J , the result " j > 

We ohtain NewtcAi's result: = ^^i^l'^^) 



Newten quotes the values 2 9 ft. for .H (compare 27,800 
^ 3^*" at 15* C); and T„ - I90^^ij\ -(equivalent to Q - 32.2 ft/s 
and thus,\/ - 979 ft/sec. . «^ . 

Compared to the experimental value (SauvGur": standing waves 
In pipes) of 1142 ft /sec, the agreelnent is none top good! But 
Newton's imaginative resourses are hott exhausted. Even if it means 
jettisoning his most cherished priticj'pl^ - that forces act between 



.the ultimate particles, which a,re themselves, hard, solid and 
^ tiumut'able - he > is , dfe termiiied to irtake theory and experlment-,meet.. 
Wi'tftr his, ,incYe<4ible'notioiKof thfc "crasgl^Jjiide of the particles", 
(See Appeiidi}^ p. XV c! f. also IpXV) and.. a'<^e a^jdition^l patphtng 
up' by, appeal tq th^^japistv»re- vapour in trie aii?*; he mianages .to 
produce a* theoreticfflr value ' - 1142 ft /sec - identical wjLth exper^ 
iVnent! This wild conj ec ture is^ of course ut;terly .wrong . It 
• is the impiiciit use of isathenjVal elasticity^ (proportional to f> ; 
from^ the "law" pV^^onstant) rather than. its. adiabatic valu^ ( Yp) 
that leadS to the discrepancy wij:h thepify. * Newton^ analysis of 
, the' propaj^ation o C sound is esse«itially correct witFKnjt- any patch- 
' work. LaPlace commented, one himdred years later:\VHis thieory, 

although .imperfect; is a monument to his genius.". \ 

„ ■ / 

In a few pages or the Principia we can span tVie whbl^i range 
of Newton ' s remarkable t<rork! from an dssured mastery in applying , 
his formal, logically workedrout theory to the bold exploratory 
speculations in a domain where great imagination is as signifi- ^ 
cant as logical analysis. His analysis of the - tube>pj:oblem^ 
lies nicely as a link^^^between the two. 



IV. 



Daniel ncrnoulll's Generalizations 



We return tD Newton's treatment^of the U -tuL«5^ oscillations 
.as a problem In hydrocfyonamics . Apatt f'rojii the id^J,lzation of a 
"perfect." incompressible, friction/less fluifl, thBre* is the impli- 
cit assumption that all parts of the fluid System move together 
, harmoniously, that is to say, the relative velocities of differ- 
ent parts of the fluid remain constant throughout the motion. 
The kinetic energy of the/fluid can then be written as Av2 
the product of the square of the velocity of any convenient 
part (e.g. the fluid in the. vertical limbs) and A a constant of 
the whole arrangement. Since the P.E. is proportional to. , 
the square of the displaceitient from equilibrium, Bx^ , this ensures 
that motion is simple-harmonic, and of period X - 21T-I A/Bv 

Daniel Bernoulli "in his Hydrodynamics (173^) attempts to 
generalize the argument beyond Newton's example of a U-tube of 
. uniform boire and vertical limbs: first to a unif orip^pipe with 

sides inclined to the vertical, then to a more gfeneral arrangement 
(See appended extract ffom Hydrodynamics; pp. XVI). Bernoulli's 
treatqent of the problem is- based on the, principle of vis-viva 
(or "live- forces ''as it is. translated!) whose modern counj^expart 
is the energy principle. .The nature of Bernoul^li's "solutidn", , 
.Which is somewhat buried in his elaborate notation, can be illus - 
,'trated.by a slightly more specific example. We consider a pipe. 
V of varying cross-section, which is nevertheless constant at each 

CU'Id surface over the full extent' of the oscillations. 
-\The potential ^ri^rgy is then: 

P-.^^=%y/ («l^l^Cos6i + a2X^2cos^2); 

^ \ »' ' ' ■ - 
since the fluid is assujned Incom- 

.^jf^ssible; aix-|^='a2X2 . 

T^-^'hff aix'i (Cos 9 I + ai^/a^XosB 2) 

If the fluid motion is assumed to be 
everywhere parallel to the "axis" of 
the pipe, so that for each element of 
len^pl^^l having a cross -sect i-dn the. 
K^fCcan -be expressed as: kf ^jt'^x^St ♦ 
the ^^otal K.E. can be expressed thus; 




. ^/Jajj(ai/^j;.^l)2;0 
- ^/«1^ ^1^ • L/ a , 



-U- l4 



V 



fljj is a "mean" cross'sect ion over the whole length L. 

Now If the pipe Is not uniform the value of ff^ill change, as the 
PQsitlon of th« fluid-changes, (the limits of the integral for 
the. K.E. over 1/ charige ! ); but for small oscillations-. 

B\yi\ (-a2X2)^<a L ' 

S can be assumed constant; and the'K'/K. <?< y.\^^ 

From these expressions for K.E. and P.E.'we than have for 
period: - . 

T-2fr .{ (L aia2)/ga(a2Cos9 1 aiCos^ '2)1 ^ ( 

U a^2Cos6 1 + a]Cose,2) j ; 

(which of course reduces to Newton's result for 81=^3 2=8^ 6 x° ^2"^) 

The above limitation to small oscillations Is simply a con-' 
sequence of the geometry of the pipe. But even if the pipe is of 
uniform cross-section, there is an implied physical assumption that 
the pattern of the flow stays cons tan t, throughout the oscillation. 
Ikit since the speed of the fluid flow is, varying (approxihia tely 
sinusoidally) , the Reynold's number is changing and the pattern 
may well be different in different phases of the motion. If this 
is so the conditions for simple-harmonic motion will not be satis- 
fied. The isochronism of the oj^cillations , for dif f erent ' ampli- . 
tudes, is then dependent on both factors - the geometrical and the 
physical. This can, of course, be tested experimentally. 



/ 



V. Pamplng of the 08iClll^tlov(B \ 

/ . ' ■ 7 / ■ 

NeltWer Newton nor Bernoulli discu6^ the damping of these . 
c)ScillatioiSs^(f rittionless' ftuid) . Proyld^d this is small 
"■d^iiiuplng^) ' oscili) » the effect On tl\e frequency wilt Ke small' 
of ^he order:(Toscill /» damp)^/ However as the oscillattons 
lie do\)n, both • the f requenoy and the damping may change; the. 
fonii^r for the reasons already given, the latter because the 
pattern of the flow and the relative significance of viscosity^ . 
and turbulance may change. 

A separate study of the damping does revqal that the de- 
crease of amplitude is not precisely exponential. The departure 
from exponential damping will of, course depend on the size/shape 
of the pipe and the nature oT~^the fluid: for example sharp "corners 
will introduce relatively large Reynolds' numbers: V ' f I 
(■»^. is viscosity, and density of the fluid: V and d respectively 
the characteristic velocity and transverse dimensions of the fluid 
motion): Or the fluid vel©cit4es which range from zero to some 
maximum value i^n each cycle, may, especially near the angularities, 
pass through the critical value where the nature of flow changes 
"abruptly". 
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VI. . . Experiments 

* ) . , 

1. The a^atatVis (for detail^ see pp.l^ comprises several/ 
U -tubesT of various stirpes, some with (colored) water others With 
^mercury 'Hte larger-boj/e U-tubes are suitablo . for wntor, and ^^may • 
-be filled with varying^omounts. One U-tubt> is mounted on a sep~ 
arate board which may be oriented at any desired angle to the - 
vertical. Oscillations can be stlmilated easily, by mea^is of the 
small pneumatic bulb. The slrftple pepdulum alongside the U-tubes 
may be readily adjusted in lengt^h. ^ . . ' 

^- V^^^"^'^ with a U-tube. wi th-vertlcal sides. Set the pendu- 
lum oscillating (small aiiiplltyde!) and then set up the oscilla- 
tions of the liquid in the U^^tube. Notice, simply by eye, which 
oscillation is more rapid; then adjust the length of the pendulum 
and repeat the observation . Measure the length of 'the pendulum 
which seems closest to is^octironous with the U-tube oscillations 

Measure the ovei:all length of the liquid column as accurately 
as you can - along the "axis" of the pipe. Witl^ this pendulum 
length flxed^ examine the isovhronism for various ampllt:udes of 
.oscillation of the liquid ii\ the U-tube* Verify that over^a 
limited range, the oscillii tiotxs are isochronous. 

■ ' . . ■ 

3. A mdr6 precise method of m^ltchlng . th^ pendulum and liquid 
oscillation pet lods Is by counting ^beats'. ' When the two oscilla- 
tions aire not quite isochronous, one can watch the oscillations 
start being^ in step, jthen go out of step, then come back into 
step. / Count t1ie number of pendulum osjcilla t ions (n) for one such 
cycle. By tabulating n - or better 1/n - for different pendulum 
lengths (and denoting n as positive/negative' according as the 
pej;^dulum is faster/slower), one can easily interpolate to estimate 
tlte pendulum length for which l/n Is zero - which is the condition 
for. isochronlsm. * 

/ - • 

4. Repeat these measurements for several different amounts of 
liquid in the U-tube. (Note: It Is easier to add water, than t 
remove it.) Tabulate your results: 

i) Length of water column ' 
li) Length of isochronous pendulum 
111) Ratio of ii)/.l) 

5. Repeat the measurements for the U-tube with mercury (Do NOT 
attempt to change the amount of mercury In the tube!). Compare 
the result here with those in #4. 
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^. ' Cortipare the Isochronous pcnduKuii- lengths' for two different 
tuh^s. of the. sort: - - _ - . 



U[ ^nd I j 



0 



/. Det^inTiine the Isochrohous pendulum-length for the tube o^ 
the sort i VI' / ^ ■ . 

and \y • ^ 



8. ' Determine the , isochronous penflulum-lengths for tl|ie U-tube 
which. can bo rotated, with a constant amount of fluid, but for ^ 
different angles of orientation. Tabulate: 

i) Cos^ (0 Is angle between limbs and vertical) 
11) Length of the isochronous pendulum L 
ill) 1/L 



What do you notice? 



9. 'Additional . investigations may be made of the damping of 
the oscillations' for botli w^ter and mercury. / /, 



i 
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>^ • Some Questions 



• • V- - -' 

1. Newton states the theorem for - water . Do y 03+^ find the satire 
theol'eni tru^ ^or mercury (which is nearly 14 times, denser 
V than water)^ Ex^ilain - In word??! - why the density dlr^ the 
fluid does, or does not, influence the peirlod of oscillation. 



2. 



3, 



. r 



The oscillations are strongly "datT\|>ed". How would you expect 
this to depend on the bore of the U-tube? Why are the U- tubes 
us^d for water of larger bore than those us^d for ikercury?' 

Would Newton's theorem Lc valid if the bore of the. U-tube were 
not constant throughout Its length? if the limbs of the ^U-tube 
were not- straight? 

\ ■ ■ 

Suppose a hybrid system as shown were used (Do NOT 
.attempt to reproduce this^ system in the laboratory!). What 
would you expect to be the le.ngtd pi^ .the isochronous pendulum? 




t. 



Can you give a sinip^e interpretation of the oscillation 
period when the U-tube was not vertical? 

With what accuracy \\8lv^ you verified l^ewton's Theorem; and 
how accurately do you think Newton might have verified it? 



Do you think Newton was sufficiently confidebt of his theo- 
netlcat analysis not to concern himself about ah experimental 
verification? Verification of this Theorem might hav^ t>een 
regarded (at the time) as a test of Newtonian Principles. 
Would It have bee^ a particularly severe or crucial t^t? 
What particular features of Newtonian theory would be tested? 
(c.f. question #1 above) 
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10.— Understanding Physics Through, Its History. By Samuel Dcvons, 
RR.S:, D6parttncnt of Physics,. Columbia University. (Witlf 2 
text-figures) ..-^ ' ^ 



It is a grcat^.plcnsurc to join in ,tlu^ tribute to Professor Norman Feather: My rccol- 
Icctioifs of him iJs/teaclicr. hicnd and coieaguc extend back nearly ^brty years.- 4 
recall attending, as a Cambridge undergraduate, his lectures on ^Properties of Matter' 
(what an a!;ci|aic and nostaljjic llavour that title haS)jiow!); and hearing him describe 
his pioneering experiments on the pro{>crties of the neutron. He was my doctoral 
thesis examiner; and later when he was Editor of the Cambridge monogriTphs, it was 
at his sugBestion. and with his help and encouragement, that I ii^ade my first cjjsay 
as an author. I was privileged ^to succeed my former teachers, Professor C* D. Ellis 
and Professor I'eather, at Trinity College; and in the: 1950s 1 \yas regularly and warmly 
welcomed at tdinburgh, the ambivalent benevolence of my role as Txiernal Examiner' 
notwithstanding. ' ' / 

' My mo!fl recent contact Avith Professor Feather has been one of which Ite niay be 
Xunaware — consulting his engaging scries of introductory surveys of the pThtoipIes of 
><(main!y) classical physics [I]. There is the rctuirrenl implication in the treatment of 
Jjniany topics in these lK)oks, that an un<jcrstanding of science is, or can be, enhanced 
Y*by sonic knowledge of its historicaTdevelopment. This issue is not forcibly belaboured; 
but the conviction is quietly i\\K\ characteristically affirmed, both by example and by 
the modcRt declaration ^of purpose, to present *a carefully told story, starting at the 
beginning*. It is on this matter of the function and value of 'history* in teaching or 
Icarningr physics, and on a particular way of introducing its perspective in the labora- 
tory, that I would like to ofl'cr a few comments, and an illustration. 

It is not niy purpose to expatiate on the value of studying the history of science as 
,a means of understanding the function or limitations of science, of science as a part or 
a product^Vf evolving cultur^, or the role of science in cQntemporary civilisation. No 
one seriously contends that for an understanding of these general feattlrcs of scicncci' 
as a whole, some knowledge of its history is not essential! What is morCT'debatable-'^- 
but less frequently debated —is the value 6f explicit historical studiesTor the under- 
standing of a particular topic in science itself: its pjjcsent structure, methods, range and 
concepts. Amongst those who tcacl/physics there is a fairly marked cleavage, in 
practice and in precept, between those who ado[>t 'the formal-theoretic^, largely 
deductive and often mathcirjatical approach, aiKl tjiosc who take a more phenomenon 
logical, inductive quasi- (or pseudo-) historical path. Since physics is not — even today 
—a wholly deductive science, and certainly ilot a totally empirical one, both approaches 
^V ^arc valid, but neither cm chrim to present a comptetc picture. But many will assert 
that in its present state of n^aturity, physics cdn largely dispense with the historical- 
inductive approach. And judging by most of today^s textbooks, they' do jqst that. I 
iiAvp no b*sic quarrel with this decision nor a desire to convert th<t9e who have taken 
ERJ[0 ' whether the student, who receives alt his instruction from teachers-of^ 



^ us persuasion, .s uol be.ng deprived of so.nc opportunity to enhance his under- 

umi'2 " '^^'^'f ' '"^ '''' -^"^'J^^^^ occasionally, 

nnmated frqm a different direction, the new perspective and bolder relief wouS 
enhance the value o< what is already learned?- " 

I have elsewhere [2] elaborated This advocacy of an occasionallydiirerent viewpoint 
n studyui^ p|jys,cs.;,uui particularly how this might be accomplished in an opcri- 
Jlcntal laboratoix The ass.>ciation of history wrth the laboratory.' rather than (he 

'""""^ ""^"^^f' f^^h'-'^ occenlric.JBut 

why should It be so / Alter all, it is experiment and observation that constitute the 

cmpiric«l-phenomen.J,lo8icar component of physics and it is (his aspe^t^which is so 
do^c to history. Moreoyer. new ideas as well as new facts are often.bom in (iJe 
aboratory; and it js by examining them in their nascent state that thdr fuller (and 
mer) meaning can olten be better understood. It is not simply a question of studying 
how physics was cieated-as distinct from what it now is-but rather by re-creating 
one may understand better what bas e^6lvecl. The st..iuiard counter to this argument 
.s that hie IS too short to retrace 4he whole evolution of ideas, concepts and jheories 
o a su wt with suclr an iiumense history as physics. And the periodical reassessments 
.UKl iclonnulatioMs of the whole structure of the subject, in which older ideas are 
absorbed or discarded, and which histoncall3' have occurred from time t^ tirne'makc 
all this unnecessary. This afgument .wou.ld be unanswerable if'it were possible to 
picsent the whole contemporary conceptual framework of physics. *vith all its sophi- 
st, cat ion to the beginner starting oift to n.asier the subject But in practice'thrt-e arc • 
steps to be taken on th. wa'y. Simplc'itieas and simple mattel^; (or what are portrayed 
^ such!) iravelo be presented lirst. No one, no matter what his approach/sta.ts out 
by discussing the problems of conteniporary physics: invariably one begins with 
simpler questions, most of which were studied.^ and resolved, in the past 

An experimental laboratory in which the viewpoint is cxphcitly historical has one 
cardinal %ulvantago over other historical approaches. One studies the phenomena 
aiid thv phenomena never lie; nor do the phenomena themselves change with time' 
Ol cotirsc. the phenomena which fre studied, those which copimand the attention of 
the exploring scientist, change dramaficaUy. But a student faced will, experimental 
phenomena which have puzzled scientists, whether of 100 or 200 or 300 years ago is 
faced with a physia^l situation as 'real' as it ever was. If. in his attempts to interp'ret 
and understand what he observes, he adopts a consciously historical approach. It is 
only HI so far as he docs not use concepts, instruments or techniques which did not 
exist at the time, and which perha,^ cou/d not have e.>cisied j^rior to the eUicidation of 
hp-problem he ,s studying. In experiment, observation and interpretation, history and 
logic arc not so disjoint as one might imagine. And as with any more orthodox 
approach to a physical problem, some background, and a basis from which to start 
must be «.ssumed and provided. Here it is the historiLl-scientific context which pro- 
vides this base for a particular experimental enquiry; and the enquiry is an exercgS 
withm a specihed framework. Jf it be argued that such a franiework is •unreal' ^mea^ 
iiig no the full context of contemporary physics), then we might ask which •exercises- 
arc not so defined ? Solvmg some problem involving point masses or infinite conduct- 
ing planes is not less 'afiificial'. 

When, three or four years ago.^'a start was made on such an historical-experimental 
laboratory, ,t seemed obvious that the most appropriate would be some ofThe 'great 



experiments* (hn{ we now iccaid as (he laiulmaVks iuj^hysics. Many such cxptriincnts, 
for exaniplv (hose ass6cia(cvVwi(h the names of Gilbert; Nc\vUui, l r;inkhn, Coulomb, 
Ampere, l araday. Joule, Her(/, e(c., have been recons(ruc(cct/m(l do indccti provide 
excellent exercises both in eXperinicn^^and in in(crprc(a.(iWi; and wiu^njji^-fornied 
, with a proper knowlcilfie of (heir his(orical con(<;x(, also providVr^^m^msiglit into 
how physics comes into being, ip.^wcll as what it now is. But that is not tiie Issue at 
stake here. I\periencc soon dcnionstratcd that not.pniy tlic'famous cxpcrin^cnts but. 
many ollwrs- -some famous, some forgotten^ S9me sucecssful, some failures—stepping 
stones rather than mile-stones in the dc^'e!opmcnt of physics, can be equally illuminat- 
ing when rcpeateil in the proper historic^i^ context. In biiCf, every experiment is pre- 
•senteil as a prohknr. C an it be understood \\\ terms of pre-existing concepts and prin- 
cipks^> if so, h(Av? If not. new concepts and principles art? suggested ? This is 

a matter of /unr physics works^nd if adoption of a deliberately historical approach 
rnrcj)' fails to evoke the question of why a particular problem or- phenomena is of 
imprest at all, who would be so churlish as to deny that (his, also, is part' of one's 
understanding? 

) / The example (hat follows^ one of the more elementary ones in cTur history-of- 
fiphysics laboratory, is illustrative of only some features. It is certainly not typical: in 
Vact, cxpcrimeilts in mechanic?, as a class. larcly are. Classical mechanics has its roots 
^ Inorc in observation than in experiment ;^so that most such laboratory expcr(nients 
^ tern! to be illustrative rather than exploratory. Jn this case it is not even certain that 
the experiment was ever performed by its illustrious author. But it surely marks a 
1^ significant ,step in the development of his ideas; and it soon leads to a confrontation of 
^ theory wirh expermient which is (iy from trifling. And as an experiment to verify 
J some .prcformulated ideas, rather thi\n to discover 'new phenomena, it is far from 
unusual in the history of physics.' One conclusion above nli is soon reached in an 
historical laboratory: style, aim, and function of experiments of every variety have 
-played i\ part in the developmiMit of physics. There is no 'typical* experiment in 
physics. ' - , 

f II. N!wton\s I nvesticj ations or Tiiu Oscillations op Fluids^ 

J. The backi]round to Nej^fon's work on fluid motion 

Hvery student of scieHfe has heard of the great Isaiic Newton (1642-^1727) and his 
monumental work Hhe Principia* (Flnh.wphiac Nafurah's Principia Mathematica, 
168(v -First lidilion). One IcariVs that this unique, epochal book provided the first ^ 
major synthesis of the principles of physics; that these principles formed the founda- 
tion flf Classical (Newtonian) mechanics which in turn provided a firm bedrock for 
further advances in physical science for m^re than two centuries. 

The first part of The Principia' fornnilates these poVerful new principles and laws: 
the Concepts of mass and for^. the laws of niotion and the Universal Law of Gravita- 
tion. Newton himself, of coiVse, exploits these new principles to construct his own 
*System of the World (in niathenKitical treatment)*, which forms the substance of Book 
III of The Principia'. Logically one ^wrgfi't expect the Uiws and principles to be 
conceived first, and then their application to^yarious features of the universe at large 
0 >llow; and although this is the formal order of presentation in The Principia\.it 
ERJC ^Id Pi misleading to infer that such a neat logical orde^' was generally followed in 
'•"-"r irrivn , 7* fixm ■ ' ] 1 



Newtofl\s'tmie. or by Newton himself. At this stage'in t^le evolution of'Scieiice. whole 
new ways qf-rxamining and understanding the physical universe art being created 
and examiped, and in this context there could be no sharp separation between prin- 
ciples and their application. The adoption of a particular cosmofogical viewpoints 
both hcjjps to find and formulate principles and is* in tu;n, shaped by them. 

In ihe actual writing of The PrincH^ia' (I'st Edn: 1687)— a task wlych Ncwtol^ 
accomplished in months, although mx>st of what he wrote had occupied his miiul over 
a period of more than twenty y5ars— Newton, not unnaturally, attempts to exhibit a. 
logical sequence. The nature of this sequence I's stated by Newton himsell\y^irh 
exemplary clarity in the opening paragraph of Book HI, viz.: 

\\\ the preceding books I have laid'down the principles'^of philosophy ; principles 
not philosophical but mathematical: such, namely, as we may build our reasonings 
upon in philosophical inquiries. These principles are the laws and conditions of 
certain motions, and powers or forces, which chiefly have respect to philosophy; 
but, lest they should have appeared of themselves dry and barren, 1 have illustrat<jd 
them here and there with some philosophical scholiums, giving an account of such 
things as are of more general nature, and which philosophy seems chiefly to Be 
founded on; such as^thc density and the resistance of bodies, spaces void of all* 
bodies, and the motion of light and sounds. It remains that, from the same prin- 
ciples, I now demonstrate the frame of the System of the World. Upon this subject 
1 had, indeed, composed the thircWJbok in a popular method, that it might' be read 
by many; but afterwards, considering that such as had not sufliciently entered into 
the principles could •not easily discern the strength of the consequences, nor lay 
aside the prejudices to which they had been many years accustomed, therefore, to ' 
prevent the disputes which might be raised upon such accounts, I chose to reduce 
the substance of this Book into the form of Propositions (in the mathematical way); 
* which should be read by those only who had first made themselves masters of the 
principles established in the preceding Books: not that I would advise anyone to 
the previous study of every Proposition of those Books; for they abound with s'nch 
as n>ight cost t(5o much time, even to readers of good mathematical learning. It . 
is -nough if one carefully reads the Definitions, the Laws of Motion, and the first 
three sections of the first Book, He may then pass on to this Book, and consult such 
of the remaining Propositions of the first two Books, as the references in this, and 
his occasions, shall require.* 

Alth'ough Newton refers to ^hc preceding books' (i.e. Books I and II of The Princi- 
pia'), it is clear from the later remarks that it is mainly on Book I and its Definitions, 
Axioms, Laws and Mathematical demonstrations (all of which concern *tlk Motion 
of Bodies' through empty space) that tlie 'System of the World' of Book fll rests. 
These principles and their extraordinarily successful application are unquestionably^)^ 
the outstanding achievements of The Principia' and the source of Newton^s powerful t 
influence over successive generations of natural philosophy. It is for this accomplish- 
ment that Newton was, and is, universally extolled, but inlerp6sed between Book I 
and Book III, and occupying more than a quarter of tfic whole wor^, thert are matters 
of a rather difTercrtt sort—considerations of *T;he Motion of Bodies in Resistive Med- 
iums —which although partly resting on the principles developed in Book I, arc little 
exploited in the application of the«e principles in Book HI. To be sure, the fonp of 



Book li brars much superficial resemblance to the developmenLof the laws of mech- 
anics in Book I — there arc the familiar Propositions, Thcorcn^s, Lemmas, Problems 
nmi Scholiums; yet the miturc of the subject, its state of development in Newton's 
time and Newton's own contributions are of a very different nature. Here Newton 
is not at all the great synthesiser — producing order, system and reason in much that 
is already known, and more than he himself creates. Book II, unlike Boyk I, is no 
the spectacular clinuix to dec^ides^ and centwries, of observation, speculation and 
theorising. Rather it is an attempt to begin -even if falteringly— a new science. Many 
of the arguments and nicthods Newton iijics here arc sketchy, uncertain improvisa- 
tions, oCtcn sheer guesswork; and as such many are incorrect. They are of interest as 
much because they a^^* Newton's as for their intrhisic merit. And even here Newton's 
^ genius is impressive: he demonstrates how powerfully he is able to. develop new 
\ concepts, modes of investigation and analysis and to rea9h definite conclusions in 
questions whose apparent complexity and obduracy must have deterred his predeces- 
sors and contcujporaries. New\on may not always have proceeded in the correct 
way— but before his work there was-virtually nothing!* (l-or a conten^porary assess- 
ment of Newton's work on fluid mechanics see [5J.) 
Why did Newton expend so n'mch eflort on this topic at all? And why was it given 
I so important a place— directly between the fundamenta\s of Book I: *The Motion of 
^ Bodies', and Book III: 'Systetns Of the World'? Today (jne might regard Book HI as 
^ the logical sequence to Book I and skip Book II entireli (as mi^ny who refer to The 
Principia' implicitly do!).| If this is so, it is surely becailse some of the nKijor, and in 
Newton's day revolutionary and even hereti|:al (in thtTsficiUific ser^se) ideas, have now 
t become wholly commonplace. Especially is this true of the basic concepft; of the motion 
of objects (the heavenly bodies) through a void, guided by an abstract, mathematically 
defined, attractive influence (universal gravitation), ^>anning space with no, or no 
specified, intervening agency. Whatever may be today's view of the fuiulamental 
validity of these Newtonian concepts, they arc neither startlingly unfainlliar nor do 
they provoke violent controversy. But matteri^stood very difTerently in Newton's 
time. " , * • 

Isaac Newton grew up at a time when the new Natural and especially Mathematical 
Philosophy was dominated by the influence of Descartes (1596 -1650) and the *Car- 
tesians'. Many of the ideas and principles which appear in the Newtonian system of 
Mechanics derive from Descartes' writings (e.g. Newton's first law of motion — the 
*Law of Inertia*— had been earlier- formulated in almost exactly the same words by 
Descartes). However, there are profound *plulosophicar diflcrences between the 
Newtonians and the Cartesians regarding the nature of space and the possibility of 
influences acting through a void. The philosophical conflict is not only deep; its 
partisans arc widespread and the dispute goes on for decades. These dilTeraices appear 
wholly irreconcilable m their respective costnic systems and interpretations of the 
planetary orbits. To Voltaire, who visits England }f\ Mil — the year Newton died — 
thr contrast is still striking: 

• Noming, that is to Siiy, in the way of serious investigations of fluids and motion. There was, 
couipe» a considerable legacy of work in hy/Jroj/ar/cj, extending from antiquity (e.g. Archinitdes* 
l^p.y^ntisepn Tlooiing Bcdic$\ c. 250 B.C.) to Newton's tipic (e.g. PascaPs treatise on tfte Equilibrium 
c iy )^ Liquids and the Heaviness of tlie Mass of Air, 1663): ^ V 

h IS 1 fi ,n.. Tin* VI N'l iillve todav mi^ht well echo Heioe^f complaiat-^that many praised hfs irdrk 
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: ' • j*'A Frenchman who.arrives in London, finds a great difTcrence in philosophy as in 
^ . ''Mher things. .He left the world full, he finds it empty. At Paris you sec the world 
A'onipbsed of vortices of .subtle mailer, in London wc see nothing of the kind. . . 

cNcwion is clearly pref^ng lo meet the expected crilicism and prejudices of his 
hterul opponent^ --Ihe followers of Dejcarles. To do so he nuisl enter Iheir territory; 
jamrnot only enter it bul nuisler thq vdj^ subjecl— motion in and o^ fluids— which 
hlicy'inlroduce so cavhl^ierly lo 'explain* l^motion of ihe heavenly bodies. To Newton 
/liti ii iiol,Hipparcnily» enough lo presenl a rh^al theory, even one which is far more 
povvjimil in ils inlerprctive value; il is also necessary to demolish the theory of one's 
v\v4f,'J'^^^^ '1^^ so much then a*queslion of what place Ncwlon's \iigression' into fluid 
mojjSjmjil; r^^ lo his own System of the World; bul of the need to demonstrate that 
it clViJnqt fqrn.j tl^e ba^s^of^tin allcrnaliv* one. 

/riris'lvfigic question c5nnoiion in emj|ty space (and the coi]comitatU *aclion-at-a- 
dislancfe'^ ij>,Ajl, older wider issue than the conflict between Cartesian and New- 
tonian thtan^ofj^^ of the Planets. Motion in a vacuimi is slill, in Newton's 
time, rega^jdlj^ many afe an. unreal— or at best an abstract—concept. The ancient 
principle jlaF^ \>}icuum' still exerted its influence on philosophic 
tlunking,lvKri»^j^^ occupies a central role could be 
challenged o^.^^tl^^ of itb' mcta unreality and the utter impossibility of 
its demon^calioffil^^^^^^ was ihe^ existence of the vacuum to Aristotle that he" bases 
his explanatffeia«4^A^a^ion~by iotor^^tion wit,h the mediun^ traversed— on the prin- 
ciple of its non-cx)ii5{^i^^ /^jstoteliarti^m cf^ not die a sudden death with Galileo. 
To many of NewU^uCoontemj^brh^pfe^^ n^otion (and forces) in a void was^ 
return to the myslticiftand the qe9«Jtr^Ueyen those opponents who did not genuinelyl 
feel so could J>tilj^^it as a sti'ck with which to beat the Newtonians. Descartes, 
although he tejc^jj^^^ e\t^huiation of uniform motion in favour of the 
principles of viflerti^- yiH ittajns^he'^.pripciple that all influences which cfiange an 
object's motic^|^usi|&0 direct contact of their impenetrable parts. 
Not only the pb;i^i^s% f)Ut.alsa tlic nature of fSrce, is wholly different in 
Cartesian and fp\vtdn^^ you Cartesians, all is done by an 
impulsion which o\\i^^^x\oi weU uri^cH-stand; with the Newtonians it is done by art 
attraction of \vtlich A^Jiw^pw tJijokfause iio better* — Voltaire 1727 again.) 

But this does noi ihip^'^as N^wUDtl a^i^ipts to show in Book II of The Princfpia* 
~tha^ the properties ^f^iV.cdiuni ft^^ materiid, and the motion of a (solid) 

object through suclj rHic^ium are outsidb ^he scope of his System; but rather that 
they occupy a very difjferifttj^role from that ^Ssigned to such phenomena cither by t!y^« 
Cartesians, or the Arist^lij^ans before thecn. ; ^ 
Having become involvc^^/fqr whateve?»otive, in t-tus subject of motions in fluids, 
J M , . ^ aspects which -relatc to his rivaPs 

and i|genuity Newton directs his 
creating on the way new concepts 
and new methods of ah^ysisyiVom t^iiqnC^^ of objects through fluids, it is for him, 
c«ss*lit a short step to"^ "^l^^t^ o/fluidJJ®Ul$ motioq through pipes,- orifices and' 
canals, the oscillatory motion^^waves tin the! ^i^rfgce, the propagation of sound, and 
the nature of the spring (elascfclty) of i9uids, and so on. It is in the course of these 




enquiries that N<\vton treats \hc problem of (he oscillaiioiis of a fluid in . a vertical 
U-tubc. This is best presented in Newton's own \Vords | 3 ). 



Newton's Propv.\ithm XLIV, Tlu-arcm XXXV {Ikwk II) 

'If water ascend nnd descend alternately in (he erected legs KL, MN of a canal 
or pipe; and a pendulum be constructed whose length between the point of sus- 
pension and the centre of oscillation is equal to half the length of the water in the 
canal: I say, (hat the water will ascend and descend in the same times in which the 
pendulum oscillates. 

'I measure (he length of the water along the axes of the canal and its legs, and 
make it equal to the sum of those axes; and take no notice of (he resistance of the 
water arising from its attrition by the sides of the canal. Let, therefore, AB, CD 
rc])resent the mean licight of the water in both legs; and when the water in leg KL 
ascends to the height El-, (he water will descend in the leg MN to the height GM. 
Let P be a pendulous body,' VP the thread. V the point of suspension, KI*QS the 
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cycloid which the pciiduluni describes, P its lowest point, i*Q an arc equal to the 
height Alv. 't he force with which the motion oj' the water is accelerated and retarded 
alternately is the excess of the weight of the water in one leg abovctho weight in the 
other; and, therefore, when the water in theJeg KL ascends to LI"', and in the other 
leg descends to GH, (hat force i.s- double the weight of tlie water liABF, and tliere- 
forc is to the weight of the whole water as AK or PQ to VP or PR. The force also 
with which the body I* is accelerated or retarded Hi any place, as Q, of a cycloid, 
is (by Cor., Prop, I.I, Book I) to its whole weight as its distance I*Q from the 
lowest place P to the length PR of Uie eyelid. Therefore the iwotivc forces o{ the 

8 water and pendulum, describing the equal spaces AE, PQ, are as (he weights to 
be moved; and therefore if the water and pcndvihiin are quiescent at first, those 
forces will move (hem in equal times, and will cause them to go and return together 
with a reciprocal motion. Q.E.D.' ; . 

Cor. I. Therefore the reciprocations of thft^water in ascending and descending 
arc all performed In equal times, whether the motion be more or less intense or 
O jss, 

ERJC:or. II. If the length of the whole water in the canal be of 6 1/9 feet of French 
.7,,. ■ .» Hh » vr i *r nr''' n^^f" ' - ocft «teon<M' ime, tnd will ascend in another 



scvond, and so on by turns in infinitum; for a penduhini of 3 1/18 feet in length will 
oscillate in one second of time. 

'Cor. III. But if the lengtltof the water be increased or diminished, the time of the 
reciproc-iinon will be increased or diminished as the squrtrc root of the length.* 

Newton's 'proof, as you can see, is extremely concise and really very elegant Hi 
shows that the motion of the fluid in the tube is a dynamical analo^ue of another 
already solved, problem. This is the problem of (he 'simple' pendulum (i.e. a 'point* 
mass oscillaimg at the end of a 'weightless' string) which was, in Ntf^vton's time a 
famdiar and well-studied one. It is part of the folk-lore of physics that Galileo was 
inspired by watching flic swinging lantern in the Duonio at Pisa to conceive the idea 
of isochronous oscillations. This subject was taken up by Christian Muygens (16^9- 
m^) and Christopher Wren (1623-1723), both of whom are referred to in 'The Prin- 
cipia' as having sueeessfuliy 'solved' this problem. Ncw(on himself dcvo(es many 
pages in ' I he Principia" to what he (eriiis *. . . oscillating pendulous motion of bodies' 
(.Sccdon X of Book I). I lis reference is to nio(ion along a 'cycloid' which he has Shown 
usmg po-verful (Inn now archaic) geometrical arguments-characteristic of ''The 
Prnicipin'— to be truly isochronous motion for any amplitude of oscillation. An 'ordin- 
ary' simple pendulum, oscillating along the arc of a circle, approximates to (he 
cycloidnl oscillations if the maximum angle of the arc is small. 

The essential feature of such ideal oscillatio^is— 'simple harmonic motion' in to- 
day's terminology-is that in any part of the cycle, the forcc-pcr-unit-mass acting on 
the displaced object, iind tlieVefore its acceleration, is proportional to its displacement 
frbm the place of equilibrium. If, then, two types of oscillatory motion-no matter 
how they difler in other respects-are both characterised by the feature of proportion- 
ality, with the same value of the constant of proportionality, they will \v.\\t.\\\t same 
period. It is such a direct similarity argument that Newton invokes here. 

Newton docs not indicate whether, or how, he has examined such oscillations 
experimentally; or whether he knows o.r has attempted to verify the tru1h of hi.-; 
'Theorem XXV'. Possibly this was already a well-known fact? Notice, also, that this 
oscdiation is essentially an example of one-dimensional motion, for which the applica- 
tion of Newtonian principles is straight-forward. and unequivocal. 



3. The relation of Proposition XLIV, Theorem XXXV to Newton's other work 

Having once startcd an examination of the o.scillations of fluids, Newton certainly 
does not stop with this simple example. He goes on to face a much more challenging 
one- the general problqjii of the transmissions of vibrations through fluid media of 
indefinite extent: Waves on the. surface of water, sound vibrations through the air, 
etc., a subject which has already been tentatively explored. Newtoo's calculations 
and .speculations here are of great interest in the hislprV of physics for several reasons. 
Firstly, Newton's is ihe flrst successful (quantitative explanation bf the velocity of 
sound in terms of the static properties of air. This work demonstrates his powerful 
grasp of the principles involved in wave propagation generally-^an understanding 
which is sumcient for him to see the inherent difl^cultics in applying these same 
principles to the interpretation of light as a wave propagated through a medium. 
Newton's reluctance to accept a wave theory of li^ht is all too well know?; but ccr- 



tainly not well understood. F.or Newton's contemporaries who had no theory at all 
(in the ^Newtonian scnso)-of wave propagation in a medium, there must havcAbcen 
little ditllculty in postulating some such wave motion for light. Ncwtoii knew too much 
to accept such an ill-defined, and what he must have considered careless and ill-thought- 
out, ussociafion. Where ignorftncc was bliss, perhaps it was frustrating to be too wise! 
In any event, Newton's opposition to a wave theory of light was to influence physics 
for a century or more after him; and it was many decades before his arguments 
against such a theory could be properly understood and.anjiwcred. 

This simple theorem about the oscillations of walcr in a tube is then of intriguing 
interest, in that it is a link between the formal precise arguments that characterise 
Newton's great contributions to mechanics of particles on the one hand, and on the 
other his exploratory and more speculative work on the motions and oscillations in 
fluid media, and the nature of sound and light. It is interesting to contrast the manner 
in which Newton, having demonstrated 4iis Theoreni for the oscillations of fluid in the 
U-tube, proceeds (in 'The Principia') without hesitation to the next 'theorem' — about 
the velocity of waves on water. Already rigorous analysis is replaced by intuitive 
plausibility. And u few bold steps later — when he has completed his intricate theory 
of sound propagation, he stops to compare his theory with observation. And he docs 
not find every thii%g quite in order. One bold speculation leads to another; and- we 
fmally observe an ingenious (or ingenuous!), and quite incorrect, attempt to rfcconcile 
theory and experiment.* in ii few pages we can span the whole range of Newton's 
>< remarkable work: from an assured mastery in applying his formal, logically workcd- 
^ out thtory to bold exploratory speculations in a new domain where great imagination 
H is as important as logical analysis. His analysis of the U-tube problem lies nicely as a 
I link between the two. 

The influence of Newton's exploration of the motion of fluids on his successors 
may have been less profound than his major achievements in mechanics and cosmo- 
logy, but it was none the less of major significance. Fifty years after the publication 
of The Principia', there appeared the celebrated work of Daniel Bernoulli: Hydro- 
dynamka (1737) [4]. In the section entitled *Conccrning the Oscillation of Fluids in 
Curved Tubes', we find : 

These are the things which have been communicated to (he public up to this time 
on the osciljations of fluids, and certainly first by VlewtOn, in order to show the 
nature of waves, . 

— a clear example of the seminal significance of I^cwton's contribution to hydrodynam- 
ics, and its lasting influence. 

30 ^ 

in 

The foregoing represents an attempt to provide an introductory-historical back- 
ground io some simple experiments on, the oscillation of fluids in pipes— Newton's 
original U-tube and simple variations and extensions of it. With the mipiitium of 
•xnUcit instructions, the student is asked to verify Kewton's theorem, and to examine 
^ Inattention in such arrangements as: ' 




A t> C d • ^ ^ ^ 

Both mercury and (coloured) water arc used as fluids. Oscillations with cpmposi^e 
fluid columns (e.g. water on mercury) can also be studied. The only 'instrument' is a- 
ruler; no timepiece is necessary 

Many questions arc posed, to stimulate both exi>eriment and interpretation, tor 

example: .... j 

Newton states the theorem for water. Is it true for mercury which has a density 
nearly M tinies greater? Could you have predicted this? What .prmc.plc(s) of 
Newtonian mechanics are involved here? Is this experiment a sfcnsitiVe or precise 
test of these principles? What better evidence for these already existed at the time? 

Is the oscillation truly isochronous (independent of amplitude)? Would this be • 
so if the bore of the*tube were not uniform? What do- you observe in arrangement 

■ (0? 

Is there a unique period for the arrangement (g)? Does thesolution of this prob- 
lem really aflbrd a solution to the problem of water waves (Theorem XXXVI), as 
Newton aflirms? 

Might the theorem 'The velocity of the waves varies as the square rox>t of the 
breadths' be correct, although Newton's numerical estimates are not? 

Thc.bore of the U-tubcs with. mercury is smaller than those with water. Why? 
What essential physical properties of fluids are assumed in the analysis of all these 
problems? How are these assumptions tested in this simple experiment? ^ 
For some appreciation of the subsequent development of this subject the student is 
referred to (and reproductions of short extracts are appended for encouragement!) 
selected passages from 'The Principia' [3], Daniel Bernoulli's Hydrodynamica [4], 
and a modern commentary on Newton's attempt to solve hydrodynamical problems 
[5]. And a student (with limited analytical equipment) who would like to see, in more 
detail how difl"erent and more subtle continuum mechanics is than one-particle 
mechanics; can be referred to Professor Feather's excellent elementary analysis of 
water vi-avcs, in the work mentioned -at the beginning [6]. 
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NbnVTON AND FLUFl) MF.CIIANMCS 
By Pnoi-nssoR *I. C. Hux^aivKU 

i 

XoAVton's conception of dynaiiucs Jirmcd hi:; sucC(^s^:oI^s of" next [hvcr^ 
centuries u itli basic tools witli which (hey erected the. j^rc^n.f. .strncturcH of modern 
engineering scii^ice. 

While Newton in ehn'nied l)y niatheinaticinns anfl iislrononiers as tJuMr own, 
engineers ouo to Intn the \"erv lonndat.ion of their iw ls Modern nerod^ nainics is 
completely Ni^wtonian in its (h*\ch)prn(Mit . Not. oniy is it. a constMpienee of 
Newton*s hiWH of motion, hut to this chiy it continues to ntili/.e some of Ids 
original tactics to obtain sohitions. 

For example, Newtoiv, bcit^g nnal)lc to (h^tennino from (irst principles the 
resistance of a body moving through a real Ihiid, simplilied Ins problem by 
sopai^ing it into three parts, lie |)Ostulate(I, first, a spe(M'al frictioidess incom- 
prcsi^ible lluid, then a viscous fluid, and finall\- ax^omj^retisible fhnd. 

For the frictio'nicss Huid. deduoed that there would be a rcsistanco, due to 
the impact of lluid pMrtiele;:, 'varyitig as tlu^ (Initl tlensity» as "the square of a 
linear dimension of the Ix^ly and as tlu^ «(|uare of the velocity of inotioir. 

For the s(H'ond thiid» lun ing 'a want of hdjrieity ' oi* viscosity, ho concluded 
that the frictional force nuKl \ arv as the i'nt(>^f shear of adjacent layei's of fluid. 
T;^s is a clear delinilion of the eoellieient of viscosit.y and the basic chai*acteristie. 
laminar tlow. To this day wo speak of tars and greases as non-Newtonian iluids 
H^iuso they do no^ exhibit this IJj^nir relation between force aiul i*ato of shear. 
^ linally. he spoculat(Ml on (he j^)ropagat ion of pressure yuKcs, like sound waves, 
ill a comprcsisiblo fluid and found the velocity of propagation to be a functioi^ of 
tho density amlolaj^ticity of the (luid. His computation for the velocity of Jijouncl 
ill ulr was* a fair approxunulion which stood until Laplace oorrocted it for 
adiabatic rather than iaothornnil coiuiitiotiH. 
O 




I l-rom (lio oono(>p(, of M,o i<lcn-| frictioi.loss (Uud oomkvs (ho classical hydro- - 
inochan.03 of lionioulli, |-:uIor. d' AlcnUxMl,, and LnKiangc. 

^ From tho coMcci)tor tho viscous iUiid we hnv(/l ho'pieat dovcIopiiUMit by 
Stokes and O.sbomo [{oynoUh lauVmg (o" Prandir.s b(,niu{arv hivcr nirchanics'. 

.!• roni (he conocpf, orcoinprc.ssil,inii.v, wo arc just now rvolving u ooinpr<>hen?ive 
inerhn.ur, ofsnporsonio {lo^v to cojm with the eni^inecnn.t; noc(Ks of n.odom (lielit. 

Aov. ( ,.n .s i,K-a.s are a.-: old i;.s leason and as now as research. ThvW tinieh'ssnes.'? 
IS p!:ov.-n !>>' three .simple iiisl aiiccs. • 

Aev. t.;,, clearly .stated (hat his law.s of mot ion.in.ply that it (h^es not matter 
^; ; ■■ '''^ ^'n'tl ilow o\er it, or whether the hody move 

I"'"' '■f-' '.'''•'■^ -'^ '^'''' > of relativity is the jn.stifieation for the wind" 

(nnne! icMui-^ ?a the -W i.i-ht, hrotlier.-, ami their foHowcr.s in aerodynamics ' 
re.seareh. , ' * 

•. A .'^ec.oii.l example of old and mnv i.s (he modern win- thec/ry whieh aceounts " 
tor hit, as (he reeetion to (he foree whieh eo!nmnnien(es downward monirnt^nn 
con(nuiou.s!y(ot;ieair. :t->on(k> appliecl tl.e .anie rea.M.ninu to niaririe propuL^iun 
The third in.taneo i^.- tho newest stylo of nil, jet propnl.-ion. Jet propulsion as 
a devieo ot nieehanies i.. certainly Newtonian in principle. Tiie propulsion i« the 
tinrd law reaction to tho second law force, ns n)casin-cd by tho rate at which ' 
nionvontmn i.s created h) (he jet.' While Newton is said (o haVo speenhded about " 
a jot-propellod steam carriage, certain marine creatures were makinnr use of 
a propulsive jet very rnucli earlier aju! might claim priority in geological time 

From: Newton Tercentenary Celebrations (1946), 
Cambridge, 1947. pp.^ 82-83. 
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